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ABSTRACT OF THESIS 
 
 
 
 
NUTRIENT AVAILABILITY AND DYNAMICS OF 
COMPOST BEDDED PACK DAIRY BARN WASTE 
 
 
Increased adoption of compost bedded pack dairy barns (CBP), a relatively new housing 
and manure handling strategy, warrants study to facilitate proper use of CBP waste as a 
soil amendment. This study: 1) characterized in situ nutrient content and availability of 
CBP waste in terms of nitrogen (N) and phosphorus (P); 2) examined the decomposition 
of surface-applied CBP waste compared to an alternative processed solid waste 
amendment; 3) examined nutrient dynamics of incorporated CBP waste in high and low 
soil test phosphorus (STP) environments. Quick anaerobic mineralization assays 
revealed that bed management affects nutrient content and availability of CBP waste. A 
Fall surface-applied litter bag study showed that different particle sizes of CBP waste 
and a biosolid decomposed at similar rates. The biosolid had greater nutrient density 
and availability, but the decomposition was similar to CBP waste in terms of 
mineralization dynamics. Aerobic mineralization of CBP waste in high and low STP soils 
amended on a uniform P basis was compared with fresh manure. In general, CBP 
increased STP more and yielded more plant available P than fresh manure. These 
studies provide recommendations for CBP management and further study to ensure the 
proper land application of CBP waste.  
 
KEYWORDS: Soil test phosphorus, soil amendment, mineralization, animal waste 
management 
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Chapter 1. General Introduction and Thesis Overview 
Compost Bedded Pack Dairy Barn Overview 
Compost bedded pack barns (CBP) are a low-maintenance alternative housing 
system. Relative to traditional manure management systems they forego the need 
for additional manure handling infrastructure such as waste lagoons or stack pads.  
Long-term waste storage is achieved within CBP, with optimal storage projected for 
at least six to twelve months depending on management and cow density (Janni et 
al., 2007).  
Compost bedded pack barns were first adopted in the 1980’s by Virginia 
dairymen to improve herd performance and reduce initial barn costs to producers 
(Wagner, 2002). Since the inception of their use in Kentucky in the early 2000’s, CBP 
adoption has increased in Kentucky such that nearly ten percent of Kentucky dairies 
utilize this system, with a projected increase expected (Black et al., 2013). Compost 
bedded pack barns are best suited for small to midsize dairies - a herd size of 25 to 
300 - which is typical for Kentucky dairies, where the average herd size is 
approximately 88 (Kentucky Department of Agriculture, 2013). 
In addition to being a low-maintenance manure handling system, CBP are 
perceived to have animal health benefits via improved cow comfort, improved 
mobility scores, reduced mastitis rates, and improved milk quality via reduced 
somatic cell counts in bulk tanks and milk yield (Barberg et al., 2007b; Eckelcamp, 
2014). During composting, wastes are reduced to a smaller volume, and the process 
eliminates most of the manure pathogens, which may explain why some studies 
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have shown less recorded disease related to bedding environments reported in CBP 
barns relative to other systems (Rynk et al., 1992; Eckelcamp, 2014).  
Although CBP housing systems have been studied in relation to herd health and 
animal welfare, little research has examined the environmental effects associated 
with CPB adoption.  Perceived environmental benefits are reduced greenhouse gas 
(GHG) emissions, immobilization of soluble nutrients, mass reduction of waste, and 
conversion of liquids to a solid waste soil amendment, which is considered a 
potential diversification of off-farm assets.  
Increased adoption of CBP and use of its waste products warrants further study 
into the potential nutrient content of the material. Little is known about the effect 
of CBP waste addition to soils in relation to soil fertility and water quality. Lack of 
knowledge as to the proper management and use of CBP waste may lead to misuse 
of the product with negative environmental impacts as a consequence.  
 
Compost Bedded Pack Design and Management 
Compost bedded pack barns are best suited for small to midsize dairies due to 
management considerations. Figure 1-1 shows the typical design of a barn. Compost 
bedded pack barns differ from traditional housing systems in that cows are free to 
loaf in an open pack loafing area. The area is surrounded by four walls that are 
usually around 1.2 m (four feet) high, with the lower wall containing entrances for 
cows to move about freely and to have access to feed alleys with watering troughs. 
The feed alley manure, typically 25 percent of the manure produced by a cow, is 
 
3 
 
removed via scraping or flushing and the manure is typically either separated and 
stacked on an impermeable stack pad or placed into a lagoon.   
 
Figure 1-1. General design of a compost bedded pack dairy barn (Janni et al.,  
       2007.) 
 
The pack is comprised of mixed layers containing a carbon source such as 
sawdust or wood shavings, urine, and fecal matter. Barns are typically mixed twice 
daily by means of a tractor with small tillage tool attachment or a rototiller during 
the convenient cow-free time of milking.  This process aerates the top 20 to 30 cm of 
the pack to facilitate composting. The carbon source is added on an as-needed basis, 
typically to maintain a clean and safe bed on which cows may loaf and to maintain 
the bed moisture content between 50 and 60 percent. Typical practice suggests that 
bedding is added once the bed material begins adhering to udders.  A cross sectional 
 
4 
 
study of 12 compost barns revealed that a semi-truck-load  (approximately 14 metric 
tons) of bedding is added every two to five weeks depending on weather conditions 
and cow density (Barberg et  al., 2007a).  
The typical barn occupancy is recommended at approximately 6 to 9.3 square 
meters (65 to 100 square feet) per cow. This range represents species and 
environmental conditions, with the higher square footage reserved for larger species 
inhabiting barns in humid regions such as the Southeast.  
Because manure storage is extended with this housing system, it leads to major 
cleanouts annually or biannually depending on pack size. It is typical for barns to be 
cleaned in Spring or Fall. Following cleanout, the CBP waste is either spread on fields 
with the aid of a manure spreader or placed in temporary stacks to further 
decompose.  In many barns, stratification takes place because only the surface 
layers are tilled. Another typical practice is for farmers to return the surface layer to 
the new pack following clean out to enhance bed composting performance.  
Once the CBP waste is spread on fields, little is known about the nutrient release 
characteristics of the surface applied or incorporated material. The CBP waste is 
neither wholly composted to maturity nor fresh, which distinguishes it from 
published resources for management of other types of animal waste. Furthermore, 
little is known about the in situ nutrient availability of CBP packs.  
The following studies will provide an analysis of the in situ nutrient availability 
for CBP waste in terms of N and P.  No research is available that examines the 
behavior of the waste once it is surface applied. Consequently, after characterizing 
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the CBP waste, a second study examines the behavior of surface applied CBP waste 
as it compares to other available solid waste soil amendments. Limited research has 
examined the nutrient dynamics of incorporated CBP waste in terms of N and P. 
Therefore, a final study addresses N and P and their availability during aerobic 
mineralization. The aim of these investigations is to better understand the behavior 
of CBP waste, to better determine its appropriate use as a soil amendment, and to 
mitigate the risk of pollution to surface and ground waters.   
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Chapter 2. Within Barn Variability of CBP Nutrient Content by Depth and Particle  
Size 
Introduction 
Recent literature has examined whole-barn fertility (Russelle et al., 2009) and 
phosphorus characteristics of soil-applied CBP waste compared to other waste 
products (Pagliari, 2013) but in-barn variability is less well studied. In addition, little 
research has examined nutrient availability in CBP waste, although there have been 
numerous studies that examined total nutrient content of whole packs (Barberg et 
al., 2007a; Russelle et al., 2009; Black et al., 2013; House, 2014). In general, these 
studies suggest that nutrient content in CBP barns is variable, implying that nutrient 
release is also variable (Table 2-1).  
Russelle et al. (2009) reported that CBP barns exhibit pack stratification such that 
there is a loose layer on the surface and a more compacted layer below. Because the 
pack is stationary, this stratification occurs with time because only the surface layers 
are tilled daily and the lower layers become compacted. Due to this management, 
packs should be considered only partially composted because the entire pack cannot 
be and is not fully aerated.   Stratification leads to uneven nutrient distribution 
(Russelle et al., 2009).  Such variability requires special attention to sampling 
protocol to ensure that the full nutrient content of barns is captured. 
Although the Russelle et al. study examined the difference between the loose 
and compacted layers, a limited understanding of bed behavior exists. This warrants 
further study into the effect of depth on nutrient availability. Studies suggest that 
bed moisture content varies between loose and compacted layers, but overall 
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average moisture content ranged from just 54.5% to 64% for three descriptive 
studies (Janni, 2007; Russelle et al., 2009; Black et al., 2013). Carbon to nitrogen 
(C:N) ratios varied from 19.5:1 to 26.7:1, suggesting these bed packs would 
mineralize when applied to soil (Janni et al., 2007; Black et al., 2013). All studies 
examined pH of packs and found that the pH ranged from 8.4-8.6, which would 
encourage N volatilization (Barberg et al., 2007a; Janni et al., 2007; Russelle et al., 
2009). None of these studies published data examining the effect of discrete depth 
samples on nutrient availability except for Barberg et al. (2007a) who concluded that 
P content did not change at two discrete depths while ammonia (NH3) content 
increased with depth at two discrete depths. Russelle et al. (2009) reported that 
total N content and inorganic N varied with depth, but provided no data to support 
this observation.  
In addition to the absence of studies thoroughly evaluating CBP nutrient 
distribution by depth, the effect of particle size within the same layer of a CBP has 
not been examined.  It is important to examine the effect of particle size because 
packs exhibit variable particle sizes and the material, when spread, will disperse 
variable particle size. This could imply variable nutrient availability amongst different 
particle sizes and therefore variable nutrient release.  
The purpose of this preliminary study was to examine the effect of depth and 
particle size on nutrient availability, particularly in terms of phosphorus (P) and 
nitrogen (N).  This study tested the hypothesis that nutrient content varies by depth 
within the pack, much as Russelle et al. (2009) reported for loose versus compact 
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layers and as Barberg et al. (2007a) noted for NH3 and P content at two discrete 
depths. I also tested the hypothesis that particle size affects nutrient availability in 
terms of N and P.  To the best of the author’s knowledge, this is the first study that 
has tested for NH4-N, NO3-N, and PO4-P of CBP waste in situ. 
 
Table 2-1. Reported nutrient content values from various CBP studies. 
Nutrient Content1 Author Notes 
N-2.54% (0.57-4.22)2 
P-0.32% (0.04-6.67)  
K-1.53% (0.26-2.96)  
C:N-19.5 (10.9-87.5)  
 
Barberg et al., 2007a Samples taken at 15 cm 
depth increments (n=12). 
N-0.99% (0.54-1.37)  
P-0.36% (0.24-0.75)  
K-0.70% (0.40-1.02) 
C:N- 15.5 (12.2-20.2) 
 
Janni et al., 2007  A composite of nine 
samples taken from seven 
barns.   
N-1.12% 
Organic N-0.95% 
NH4-N-(0.10,0.24%)3 
P- 0.12% 
K-(0.59,0.53%)3 
C:N- (11.2-20.9)  
 
Russelle et al., 2009 No difference in total N 
concentration among 
areas or between surface 
and compact layers in 
barns. 
Organic N did not differ 
with depth. 
Average NH4-N 
concentration was lower in 
surface layer than compact 
layer. 
When taken at discrete 
depths, there were 
differences in total N and 
inorganic N content (data 
not shown). P content did 
not vary with manure layer  
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or location, and is greater 
than “book” value for solid 
dairy manure, but half as 
much as dairy compost 
(Russelle et al., 2009). 
CBP manure contained 1.5-
2 times the K as typical 
solid dairy manure and 
nearly half as much as 
dairy manure compost. 
(n=8) 
N-1.6% (1.0-1.8) 
Organic N-1.4% (0.5-1.8) 
NH4-N 1629 mg kg-1 (73-4985) 
P-0.68% (0.42-0.98) 
K-1.61% (1.25-2.05) 
C:N- 29.1 (22-45) 
 
Petzen et al., 2009 Samples taken from one 
barn over the season.  
N-1.7% (1.0-2.9%) 
P-0.4% (0.2-0.9%) 
K-1.3% (0.4-3.0%) 
C:N- 26.7 (11.3-43.2) 
Mg-0.5% (0.2-1.3) 
Ca- 2% (0.6-22) 
Cu-28 mg kg-1 (8-62)4 
Zn-110 mg kg-1 (37-218)4 
Mn- 222 mg kg-1  (111-819)4 
Fe- 2780 mg kg-1  (471-9078)4 
Black et al., 2013 Samples collected from the 
surface layers of barns 
(n=47). Composites 
collected at each barn 
using nine subsamples. 
Samples collected from 
October 2010 to March 
2011. 
1Assuming dry matter basis 
2Range reported in parentheses 
3 Mean of surface layer; mean of compact layer 
4Mehlich III-extractable 
 
Methods and Materials 
Sample Collection  
Samples were collected from Harvest Home Dairy in Crestwood Kentucky from 
April to July 2013. This dairy has utilized the CBP barn system since 2011.  The barn 
Table 2-1 Continued 
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typically holds around 120 cows in approximately 1,115 square meters (12,000 
square feet) of loafing area. A TSI Veloci Calc temperature probe (accuracy ±0.3 C; 
TSI, Shoreview, MN) was used to estimate ambient temperature inside the barn. The 
temperature by depth within the bedded pack at nine designated sampling sites 
(shown in Fig. 2-1) was measured with a Reotemp Instruments probe (accuracy ± 1° 
F; Reotemp Instruments, San Diego, CA).  
Compost bedded pack samples were taken at 15 cm (6 inch) increments to a 
depth of 90 cm (36 inches) by an auger at two of the sites, one of which was a high 
traffic area and the other a low traffic area. Each site was chosen based on historical 
temperature data generated for each profile, which suggested the two sites differed 
in temperature profiles; Site 1 exhibiting lower temperatures than Site 3.   As shown 
in Fig. 2-1, Site 1 is adjacent to a gate entrance to the pack and Site 3 represents a 
lower traffic area due to its location in the northeast corner of the barn. Samples 
were placed in individual plastic bags for each 15 cm increment at each of the two 
sites and for each 15 cm increment the temperature at time of collection was 
recorded. Once collected, samples were placed on ice and immediately returned to 
the laboratory where they were stored at 4 C until processing and analysis.  
In July 2013, a composite sample of the upper 30 cm of the pack was prepared 
by removing samples from each of the nine designated sampling sites within the 
barn, and thoroughly hand-mixing in a large plastic container. Samples were placed 
on ice and immediately stored in a 4 C cooler. 
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Figure 2-1. Sampling sites of the loafing area. Sites 1 and 3 were the designated 
sampling sites. 
 
Sample Preparation 
Samples were air dried for seven days in aluminum pans. After drying, the depth 
samples were ground to 2 mm using a mechanical grinder.  The composite sample 
collected in July 2013 (a mixture of the first 30 cm from each sampling site) was also 
air dried for seven days. The composite was sieved using a stack sieve with mesh 
sizes of 25, 12.5, 8, 5.6, 3.35, and 1.2 mm.  After sieving, each screen size sample 
was ground to 2 mm for further processing. For each screen size, a subsample was 
sent to the Regulatory Testing Service  at the University of Kentucky for analysis of 
total Carbon (C), Nitrogen (N), Phosphorus (P), Potassium (K), Calcium (Ca), 
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Magnesium (Mg) in percent by mass. Manganese (Mn), Copper (Cu), Iron (Fe), and 
Zinc (Zn) were reported in parts per million (ppm, mg kg-1).  
 
Nutrient Analysis – Anaerobic Mineralization  
An anaerobic incubation procedure designed after Bundy and Meisinger (1994) 
was used to determine initial and mineralizable N and P for each sample depth, 
location, and particle size.  
One g samples were weighed and placed into four thick-walled glass Hungate 
tubes. To each tube, 13.5 mL of distilled deionized water was added. A rubber 
stopper was added to one tube of each sample. The remaining tubes were capped 
with a rubber stopper and a metal jacket crimp. The crimped caps were a necessity 
due to gas production during sample incubation.   All tubes were shaken vigorously 
by a reciprocating shaker for five min. After five min, seven mL of 4M KCl in distilled 
water was added to the uncrimped stoppered tubes. The remaining crimped tubes 
were shaken by hand to ensure compost to water contact and these tubes were 
stored for seven days in an incubator at a constant 37 C.  
The KCl-amended tubes were shaken for 30 min on a reciprocating shaker. The 
contents were allowed to settle at least 30 min and a one mL aliquot was removed 
from each tube and placed into a clean Eppendorf tube. The Eppendorf tubes were 
stored at -20 C until analysis. These tubes reflect the baseline nutrient content at the 
start of incubation.  
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After seven days, the crimped tubes were removed from the incubator, vented 
with a needle to relieve gas pressure, and crimps removed.  Seven mL of 4M KCl was 
added to each tube. The tubes were capped with rubber stoppers and shaken on a 
reciprocating shaker for 30 min. After shaking, the contents were allowed to settle 
for 30 min. From each tube a one mL aliquot was collected, placed into an 
Eppendorf tube, and stored at -20 C until analysis. Before analysis, all Eppendorf 
tubes were brought to room temperature before being placed in a microfuge and 
spun at 5000 rpm for five min to obtain a clear solution.  
A colorimetric microplate procedure was used for NH4-N analysis (Chaney and 
Marbach, 1962; Weatherburn, 1967). This is a modification of the Berthelot 
indophenol blue reaction for the determination of NH3 (Berthelot, 1859). Twenty µL 
of standards ranging from 0 to 10 mg L-1 NH4-N in 1 M KCl were dispensed into the 
first two columns of a 96-well microplate (well volume 360 µL).  Twenty µL of sample 
were dispensed in successive, duplicate rows. To each well, 100 µL of Reagent 1 (a 
1.0% phenol solution containing 0.020% sodium nitroprusside) was added followed 
by 100 µL of Reagent II (a 0.5% solution of sodium hydroxide containing 0.042% 
sodium hypochlorite).  
The 96-well plates were covered with an adhesive plastic film to minimize NH3 
volatilization and shaken for 30 min on a plate shaker.  NH4-N concentration was 
determined at a wavelength of 630 nm filter on a microplate reader with the first 
two columns designated as standards and the remaining columns as duplicates.  Net 
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NH4-N production was calculated by subtracting the NH4-N content of the initial 
samples from the incubated samples.   
Initial NO3-N and residual NO3-N after seven days anaerobic mineralization were 
measured by means of Cd-reduction followed by Griess-Ilosvay reaction in a 
colorimetric microplate procedure (Crutchfield and Grove, 2011). Duplicate 
standards ranging from 0 to 10 mg L-1 NO3-N were dispensed into the first two 
columns of a 96 well plate (well volume 360 µL). Twenty µL of sample were 
dispensed in duplicate in the remaining wells. Two hundred µL of pH 8.5 ammonia 
buffer (1.0% NH4Cl) were dispensed into each well. Cadmium reduction prongs were 
cleaned prior to use by soaking in an ultrasonic bath with 1N HCl for 45 sec.  Each 
well of the microplate was fit to a corresponding Cd prong and the microplate was 
shaken on a plate shaker for one hour. 
After removing the Cd prongs, 60 uL NED solution (0.1% Napthyl ethylene 
diamine dihydrochloride) was added to each well and incubated 5 min. The NED 
solution was prepared by adding 5 mL of sulfanilamide solution (0.2 g of 
sulfanilamide in 5 mL 3 M HCl) to 5 mL of NED solution.  The solution was sealed and 
covered with wrap to protect it from light. Nitrate-N was measure at 542 nm with 
standards designated as the first two columns and samples designated for the 
remainder of the wells. Net NO3-N change was calculated by subtracting the final 
NO3-N concentration from the initial concentration prior to incubation.  
Water soluble PO4-P was measured before and after seven days of anaerobic 
incubation by a colorimetric microplate procedure (D’Angelo et al., 2001). Twenty µL 
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of standards ranging from 0 to 1 mg L-1 PO4-P in 1 M KCl were dispensed along with 
180 µL of water into duplicate wells of the first two columns of a 96 well plate (well 
volume approximately 500 µL). Twenty or 200 µL sample was dispensed in duplicate 
into the remaining wells. This volume was based on the projected level of P in each 
sample. Forty µL of 6.3 M ammonium molybdate in sulfuric acid was dispensed into 
each well and the plate was shaken on a plate shaker for 15 minutes. After shaking, 
40 µL of malachite green (0.035% mass/volume) was added to each well, making 
sure to eliminate air pockets/bubbles.  The plate was immediately placed on a 
shaker for 20 minutes.  The PO4-P was measured at a wavelength of 630 nm. The 
plate was assayed with standards designated as the first two columns and samples 
designated for the remainder of the wells. Net PO4-P mineralization was estimated 
by subtracting the initial PO4-P from the final PO4-P. 
 
First Year Availability of Nitrogen and Phosphorus 
Values obtained from the anaerobic mineralization are a proxy for first year 
availability of CBP waste.  
Available N was calculated by the sum of NO3-N, initial mineralized N in the form 
of NH4-N, and net NH4-N divided by the total N content, then multiplied by 100. Only 
the initial NO3-N value was used in the calculation because it was assumed that no 
NO3-N remained at the end of the incubation due to denitrification.  All values were 
converted to the same units before calculating percent availability.  
First Year Available N= [NO3-N + (NH4-N)i  + (NH4-N)net] ÷ Total N × 100 
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Available P was calculated by the sum of initial PO4-P and net PO4-P divided by 
the total P content, then multiplied by 100. All values were converted to the same 
units before calculating percent availability.  
First Year Available P= [(PO4-P)i + (PO4-P)net]÷ Total P × 100 
 
Statistical Analysis 
The MEANS procedure of SAS (SAS, 2013) was used to calculate summary 
statistics for particle sizes, discrete depths, and the T-test procedure was used to 
provide a comparison between sites.  
 
Results and Discussion 
There was only a statistical comparison between the means of each site. Because 
the discrete depths are not independent variables, only summary statistics are 
provided for the depth analysis. 
The nutrient concentrations in Sites 1 and 3 are shown in Tables 2-2 and 2-3, 
respectively. There appears to be no relationship between C, N, P, K, Mg, Zn, and Cu 
content with depth for either profile. For the soluble nutrients, one can expect a 
relatively uniform and consistent release thereof. The data does suggest that there 
may be an effect of depth on Mn and Fe content such that each increases with 
depth, which is most likely due to conservation of each as the material lost moisture 
from previous zones of composting. There were relatively similar amounts of plant 
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available forms of N and P yielded by CBP waste based on the mean of all depths for 
all sites, which may be expected upon application.  
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Table 2-2.  Nutrient content of Site 1 by depth. 
Depth C% N% P% K% Ca% Mg% 
Zn   
(mgkg-1) 
Cu         
(mgkg-1) 
Mn        
(mgkg-1) 
Fe          
(mgkg-1) 
0-15cm 40.4 1.7 0.7 1.8 1.6 0.8 167 37 190 1113 
15-30cm 39.7 1.8 0.7 2.0 1.8 0.8 175 40 199 1496 
30-45cm 39.4 2.2 0.7 2.2 2.4 1.0 176 46 228 1751 
45-60cm 39.2 2.1 0.7 2.3 2.2 0.9 170 45 222 1600 
60-75cm 39.2 2.1 0.7 2.4 2.4 1.0 182 46 244 1647 
75-90cm 39.8 1.8 0.6 2.3 2.2 0.9 161 38 287 2761 
 
Table 2-3.  Nutrient content of Site 3 by depth. 
Depth C% N% P% K% Ca% Mg% 
Zn      
(mgkg-1) 
Cu   
(mgkg-1) 
Mn 
(mgkg-1) 
Fe  
(mgkg-1) 
0-15cm 38.0 2.1 0.7 2.0 1.9 0.8 162 47 192 1090 
15-30cm 38.4 1.9 0.7 2.0 1.9 0.8 164 37 191 1011 
30-45cm 38.9 1.8 0.7 2.1 1.9 0.8 164 34 188 930 
45-60cm 37.2 2.2 0.8 2.2 2.5 1.1 184 47 247 1707 
60-75cm 38.0 1.9 0.6 1.9 2.2 0.9 139 35 212 1502 
75-90cm 38.5 1.7 0.7 1.6 2.2 0.8 151 32 243 2237 
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The nutrient content and availability exhibited by CBP waste is quite different 
from book values of other waste inputs (Table 2-4). Based on book values of N and P 
content and availability, the ratio of available N to available P ranges from 1.4 to 
2.25:1 for other manure waste inputs (Rasnake et al., 2000).     
 
 
2
0 
Table 2-4. Typical nutrient content of common organic wastes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
1Adapted from Chastain et al. (2001)  
2 Values obtained from composite of a CBP barn used for this study. 
3American Society of Agricultural Engineers (2005) Standard for Manure Production & Characteristics 
4Adapted from Rasnake et al. AGR 146 (2000) 
*Available N & P for first year following application.  
MC = moisture content
Waste 
Source 
 N% P%                    (mg kg-1) 
MC
% Total Available* Total Available* K% Ca% Mg% Zn Cu Mn Fe 
Fresh Swine 
Waste 
911 6.71 501,4 2.21 801,4 0.31 0.41 0.11 591 141 231 - 
Chicken 
Litter 
211 4.61 601,4 1.91 801,4 1.91 2.21 0.41 3201 2651 3551 - 
Fresh Dairy 
Waste 
861 3.61 501,4 0.71 801,4 0.31 0.21 0.11 221 501 221 53 
CBP Waste2 55 1.9 12 0.7 352 2.1 2.1 0.9 166 40 210 1510 
Feed Lot 
Beef 
331 1.81 501,4 0.81 801,4 1.31 1.21 0.41 851 141 3931 13053 
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In general, temperature increased with depth until approximately 20 cm (8 
inches), then decreased to the bottom of the pack (Fig. 2-2). With time, pack 
temperature in both sites increased in accordance to the increase in seasonal 
temperatures during the collection period.   Site 3 generally had higher 
temperatures than Site 1 except for July, suggesting this trend is consistent year 
round.  
Because Site 3 had higher temperatures (except for July), this implies that more 
rapid composting occurs within this site. The lower temperatures in July could be 
due to the evaporative cooling effect of more rapid composting. The higher 
temperatures experienced by Site 1 in July could be due to less evaporative cooling 
occurring in the pack due to more compaction.  
The higher traffic patterns for Site 1 may have led to more localized compaction 
and thus less aeration. Aeration is key in promoting composting, which could also be 
why Site 1 exhibited more P mineralizability, (see below) because the forms of P 
could have been more labile due to lack of incorporation into microbial biomass. 
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Figure 2-2. The variation in temperature by depth and site as a function of sample 
time in 2013.  
 
On average,  NH4+ released from Site  1 was 1488 ± 290 mg kg-1   and NH4+ 
released from Site 3  was 1593 ± 435 mg kg-1  (Fig. 2-3). The slightly higher NH4+yield 
in Site 3 could be due to increased composting occurring within this site.  But based 
on the means of net NH4+ released, the two sites were not significantly different 
(p=0.33).   
Both sites produced less net mineralizable NH4+ in the surface than at greater 
depth, with an increase occurring up to 45-60 cm (approximately 18-24 inches), and 
then decreasing.  The increase is consistent with the temperature profile - with the 
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decrease occurring at approximately 45 cm.  Because the net mineralized NH4+ is 
higher within the 45-60 cm range, this implies that much of the N may have been 
incorporated into microbial biomass – microbial biomass being that fraction of 
organic N most readily released by the anaerobic mineralization (Bundy and 
Meisinger, 1994). 
 
 
Figure 2-3. Net NH4+ produced during anaerobic mineralization as a function of site 
and depth. Error bars represent standard deviation (n =4). In general, net NH4+ 
increased with depth until 45-60 cm, followed by a decrease until 90 cm. 
 
In general, Site 1 had more NO3-N than Site 3 (Fig. 2-4). Nitrate concentrations in 
both sites were highest in the upper 15 cm and decreased thereafter to the bottom 
of the profile.  Higher NO3-N concentrations in the upper layers are most likely due 
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to aeration status and the incidence of fresh manure deposits, which exhibit higher 
NO3-N content than composted manures.  From an agronomic perspective, below 15 
cm depth, the NO3-N amounts are negligible, and relative to NH4+ released during 
anaerobic mineralization the amounts of NO3-N are negligible. 
 
 
Figure 2-4. Initial NO3-N present prior to anaerobic mineralization as a function of 
site and depth. Error bars represent standard deviation (n =4). There was a drastic 
decrease from the surface layers to 15-30 cm after which there was generally less 
than 5 mg kg-1 NO3-N throughout the rest of the profile.  
 
In terms of anaerobically mineralized orthophosphate, Site 1 had significantly 
higher (p<0.001) mean orthophosphate released (2019 ± 378 mg kg-1) than Site 3 
(1347 ± 433 mg kg-1).  The effect of depth on P content and nutrient availability in 
CBP barns is consistent with the findings of Pagliari and Laboski (2013) in terms of P 
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for Site 3, less so for Site 1, in which middle layers generally had the highest P 
concentration (Table 2-2 and 2-3; Fig. 2-5).  This is likely the result of composting 
occurring in these zones, which enables P to become more concentrated relative to 
the starting material.  
Literature suggests that approximately 50 percent of nitrogen in most animal 
wastes is available in the first year following application and that approximately 80 
percent of P is available in the first year (Rasnake et al., 2000). Using the initial 
available N and P and the seven day anaerobic mineralization as a proxy for first year 
availability, and taking the average of all depths and sites, the average N availability 
was 12 percent and P availability was 35 percent.  
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Figure 2-5. Orthophosphate recovered after anaerobic mineralization as a function 
of site and depth. Error bars represent standard deviation (n =4). Site 1 exhibited an 
overall greater amount of orthophosphate than Site 3 at almost every depth.  
 
Nutrient availability by particle size - represented by a composite of the surface 
30 cm of the pack - suggests that there is little difference between particle sizes in 
terms of mineralizable orthophosphate (Fig. 2-6) and NH3 (Fig. 2-7). This could be an 
artifact of the selection and processing of the samples because they were all from 
the surface 30 cm and each particle size was processed to 2 mm or less by 
mechanical grinding.  Table 2-5 suggests that overall nutrient content was not 
affected by particle size, although there appeared to be a slight decrease in Mn 
content with particle size.
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Figure 2-6. Orthophosphate recovered as a function of particle size after anaerobic 
mineralization. Error bars represent standard deviation (n =4). Particle size appears 
to display no trend for the amount of net orthophosphate produced. 
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Figure 2-7. Net NH4+-N recovered after anaerobic mineralization as a function of 
particle size. Error bars represent standard deviation (n =4). Particle size does not 
appear to influence net NH4+-N production. 
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Table 2-5. Nutrient content of CBP waste by particle size.  
Size (mm) C% N% P% K% Ca% Mg% Zn   (mgkg-1) Cu    (mgkg-1) Mn   (mgkg-1) Fe      (mgkg-1) 
12.5-25 40.4 1.9 0.6 1.5 1.5 0.6 149 29 171 1003 
8-12.5 40.3 2.0 0.6 1.5 1.6 0.7 141 31 163 967 
5.6-8 39.9 2.1 0.6 1.5 1.4 0.6 128 27 147 962 
3.35-5.6 40.8 1.7 0.5 1.5 1.4 0.6 121 30 141 823 
1.19-3.35 41.0 1.6 0.5 1.3 1.3 0.5 110 25 133 904 
<1.19 40.8 1.7 0.5 1.3 1.2 0.5 139 28 127 847 
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The composite sample had a substantially higher NO3-N concentration than the 
samples removed for anaerobic mineralization, indicative of the aeration that 
occurred in this tilled layer. However, like the other nutrients, there was no particle 
size effect on the relative NO3-N concentration on a dry matter basis (Fig. 2-8). 
 
 
Figure 2-8. Initial NO3-N before anaerobic mineralization as a function of particle 
size. Error bars represent standard deviation (n =4). Particle size does not appear to 
influence initial NO3-N values. 
 
Conclusion 
To establish better nutrient management recommendations, a thorough 
sampling of the barn should be employed to capture the full nutritional value of the 
pack. The nutrient content of barns varies with depth due to the maturity of the 
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composting process, which is most likely influenced by temperature profiles and 
compaction as a result of management practices and seasonality.  
As literature suggested, nutrient content varied by depth and among sites. From 
this study, I conclude that a composite sample would best capture the full nutrient 
value of a barn and that the sample should be taken as close to application time as 
possible to get the best estimate of plant available nutrients, especially ammoniacal 
N.  
Based on potential mineralization and existing nutrient content, in terms of first 
year availability of N, CBP waste exhibits less availability than beef, dairy, swine, and 
broiler litter (Table 2-4). The N content of CBP waste is less than most waste sources 
listed in Table 2-4, except for beef.  The availability of CBP waste N is less, which is 
expected because composting should stabilize N. Although the nutrient availability 
of most manure waste inputs in terms of P is expected to be 80 percent in the first 
year, CBP yields less available P than other waste sources. However, the amount of P 
released in CBP waste is relatively higher than the amount of N released.  As a 
consequence, if producers apply CBP waste on an N basis, over application of P will 
occur. 
The transformations of land applied CBP waste are unknown. Russelle et al. 
(2009) reported net mineralization and nitrification of the CBP waste when it was 
incorporated into soil, but little or no research has examined the surface application 
nutrient dynamics of the material. According to anecdotal accounts, much of the 
CBP produced is surface applied via a manure spreader or similar device, so the 
  
32 
 
outcomes of the nutrient transformations of this material may differ from those 
reported by Russelle et al. (2009).  
In situ differences in nutrient availability were observed in this preliminary study. 
The behavior and release of CBP waste once it is land applied are not fully 
understood; specifically, the nutrient release from different particle sizes of CBP has 
not been investigated. The way in which this study observed the effect of particle 
size may be of limited realistic application because the particle sizes were ground to 
the same size for analysis. Therefore, to better understand the behavior of the 
material in a realistic management situation, it is necessary to observe the material 
once it is surface-applied in terms of its nutrient release characteristics and 
decomposition.  
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Chapter 3. Decomposition of CBP Waste Following Land Application – A Litterbag 
Study 
Introduction 
Like CBP waste, the need to transform municipal biological wastes into 
transportable solid form has grown in popularity. For example, Louisville Green is a 
locally produced biosolid derived from Jefferson County Kentucky municipal waste 
that is marketed as a slow-release N fertilizer for home lawns and gardens. Louisville 
Green contains 5% N (4.5% insoluble N) and 3% P as phosphate on a guaranteed 
analysis. Little research has been performed comparing the nutrient release and 
decomposition characteristics of CBP waste with other organic waste soil 
amendments like Louisville Green. 
Literature suggests that biosolids tend to be more nutrient dense than 
composted materials and that the subsequent release of N is greater (He et al., 
2000). Within biosolids, literature suggests that material that has been dried or 
composted yields less plant available N, which could be the case for a highly 
processed biosolid such as Louisville Green (Tarrasón et al., 2007). Decomposer 
community, soil micro-climate, substrate quality, C:N ratio, and lignin content are all 
factors that may affect the decomposition of residues once they are land applied. 
Particle size may also contribute to this phenomenon, but this topic is not well 
studied. 
CBP barns are often cleaned out in Fall, with subsequent land application of the 
waste material by a manure spreader or a lime truck. For many producers, it is 
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assumed that the release of the material is slow, like that of biosolids such as 
Louisville Green. Limited research has examined the decomposition of CBP residues 
outside of the traditional growing season even though applications often occur in 
Fall (Eusufzai et al., 2013). When barns are cleaned out, the particle size of the waste 
is often variable, so the subsequent nutrient release of the CPB waste may be 
affected due to the surface to volume ratio. Particle size can affect decomposition 
rates of organic wastes; in general, smaller particles decompose faster, but the 
reverse can be true depending on the type of residue (Angers and Recous, 1997). 
Characterization of CBP waste mineralization as a function of particle size in 
Chapter 2 did not suggest that a composite of material from the surface 30 cm was 
influenced by particle size. However, in that study the particles were all processed to 
the same size prior to incubation and mineralization. Understanding the release 
characteristics of various particle sizes after land application may provide land 
managers with more accurate application recommendations for material added on 
an “as is” basis.  
In comparison to a commercially available organic waste (Louisville Green) I 
tested the hypothesis that the processed biosolid (Louisville Green) would yield 
more plant available N and P with time, and would decompose much quicker than 
any compost particle size. This hypothesis was based on data generated from the 
University of Kentucky Regulatory Services Soil Testing Lab, which showed that the 
C:N ratio of Louisville Green is approximately 5:1, while that of CBP waste is 
approximately 20:1.   
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I also tested the hypotheses that: 1) because preliminary studies showing that 
particle size has no substantial effect on nutrient availability, all compost particle 
size samples would release similar amounts of N and P on a dry weight basis; 2)  
larger particles would decompose slower than smaller particles.  
 
Methods and Materials 
Sample Collection 
In October 2013, a composite sample was collected from Harvest Home Dairy at 
nine designated sampling sites previously identified within the barn (see Chapter 2). 
An auger was used to collect a sample to 30 cm. All nine samples were mixed in a 
clean plastic container and placed on ice until processing. After return to the lab, 
samples were spread on a clean plastic tarp to dry for seven days. After drying, 
samples were sieved by hand through 25, 12.5, 8, 5.6 and 3.35 mm sieves. Samples 
were designated to represent each particle size, respectively, with treatments of 
12.5-25 mm, 8-12.5 mm, 5.6-8 mm, and 3.35-5mm. A sample constructed from 
Louisville Green (6.8% N, 4.0% available P, and 0.3% K; Louisville Green bag label) 
was also used as a treatment to compare CBP material and another commercially 
available solid waste soil amendment. The diameter of Lousiville Green is 
approximately 2-3 mm. 
One hundred g of each sample were placed into 20 x 20 cm bags made from 
fiberglass window mesh screens (2 mm mesh size). Bags were constructed similarly 
to methods often employed in leaf litter research (Wider and Lang, 1982; Guo, 
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1999).  Each bag was labeled with a plastic plant tag. There were five replications for 
each CBP particle size and Louisville Green for each of five collections over six-
months. Each bag was secured to the ground by two metal landscaping stakes.  
 
Field Site Preparation 
Two upland field areas at the University of Kentucky Maine Chance Research 
Farm, Lexington KY (N 38°07'24", W 84°29'50") were used for the litterbag study. 
The fields were fallow and contained a mixture of cool season grasses and legumes 
on a Maury Silt Loam soil with a 0-3% slope. The field site was mowed to a height of 
6 cm to accommodate the bags and ensure proximity to the soil.  Bags were placed 
one meter apart in rows. Bag placement followed a completely randomized design 
based on a random number generator for each bag occupancy. Areas between bags 
were mowed or trimmed on an ‘as needed’ basis. Bags were set out on October 14, 
2013. 
 
Field Sample Collection  
Samples were collected every 30 days using a complete randomized design. One 
of the randomized samples occupying the northeast corner of the plot was lost.  At 
each collection, bags were immediately returned to the laboratory and weighed. 
Moisture content was estimated for each sample by placing a subsample in a 60 C 
oven for 48 hours. The remaining sample was air dried for seven days and ground to 
< 2 mm. During the collection period, meteorological data was generated by the 
  
37 
 
University of Kentucky Agricultural Weather Center from the Spindletop Weather 
Station approximately one km from the study site.   
Following each collection, samples were incubated anaerobically for seven days 
to determine easily mineralizable nutrients and analyzed for PO4-P, NO3-N, and NH4-
N using the colorimetric microplate methods previously described (Chapter 2).   
Decomposition was measured as change of dry mass with time.    
A subsample of each bag was sent to the University of Kentucky Regulatory 
Services Testing Laboratory for further nutrient analysis, which included percent C, 
N, P, K, Ca, Mg and ppm (mg kg-1) of Fe, Mn, Zn, and Cu.  
 
Statistical Analysis 
The MIXED procedure of SAS was used to develop the decomposition model for 
each particle size with time. The MEANS procedure of SAS was used to estimate the 
differences in mass between different particle sizes at each collection date and the 
differences in plant available forms of N and P at each collection date between 
treatments. The GLM LSMEANS pdiff procedure was used to estimate differences in 
mass and nutrients to test the significance of time periods, α=0.10.  
  
Results and Discussion 
The maximum daily temperatures were similar to historic averages except for 
the last 30 days of incubation, when daily maximum temperature was higher than 
historic averages  (Fig. 3-1, University of Kentucky Agricultural Weather Report). In 
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general, precipitation and rain events were similar to historical trends except for the 
latter part of the incubation when rainfall event and precipitation were slightly 
below historical averages (Fig. 3-2, University of Kentucky Agricultural Weather 
Report).  
 
 
Figure 3-1. Daily maximum temperature and average temperature 30 days prior to 
collection as a function of time. 
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Figure 3-2. Cumulative precipitation and precipitation accrued over the previous 
thirty days to collection day as a function of time.  Numbers above columns refer to 
measured precipitation values.  
 
Data is provided only for the initial nutrient content, collections for the first 
three months, and the final collection at the sixth month.   
There was no statistically significant difference in mass loss as a function of 
particle size (Fig. 3-3). In general, CBP waste disintegrated faster than Louisville 
Green even though the Louisville Green had a smaller particle size. The slope of all 
decomposition model lines was greater than that of Louisville Green (p<.001) except 
for the largest particle size. The mass loss was best fit by a linear rather than first 
order decomposition model.   Mass loss was most likely attributed to physical 
decomposition, primarily by means of precipitation leading to disintegration of 
material. The mass loss trend is linear and consistent between collection intervals 
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(p<0.05). This is likely due to the relatively uniform 30 day cumulative precipitation 
events during incubation (Fig. 3-2) despite variable temperature profiles (Fig. 3-1). 
The relative uniformity in mass loss exhibited across all particle sizes of CBP was 
most likely due to the starting material being essentially the same. Because the 
carbon source used in the CBP waste was recalcitrant due to its ligninacious nature, 
the relationship of an alternative carbon source may affect the decomposition 
characteristics of the CBP waste differently.  Nonuniform breakdown might be 
exhibited by different particle sizes removed from deeper depths in the CBP barns 
because the different depths had different nutrient characteristics, or the material 
at deeper depths may have experienced a physical change, which would yield 
different decomposition characteristics (see Chapter 2).   
 
 
Figure 3-3. Mass remaining as a function of particle size, amendment type, and time. 
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In terms of percent carbon remaining at each collection date, there appeared to 
be a slight increase in CBP waste, while the Louisville Green tended to decrease in 
carbon content (Fig. 3-4, Tables 3-1, 3-2.) The change in the carbon percentage for 
Louisville Green with time was significant (p<0.05), but not in the CBP material. This 
could be due the inherent differences in carbon pools for each. I hypothesize that 
the more recalcitrant materials of the CBP waste carbon pool, which is essentially 
composed of ligninaceous bedding material, buffered change to the carbon content 
of the material. Depending on accessibility of carbon inputs for the CBP facility, a 
barn may exhibit different physical and chemical characteristics due to the 
differences in the chemical and physical complexity of the carbon substrate.  
Tables 3-1 and 3-2 demonstrate a decrease in N, P, and K across all treatments as 
a function of mass loss throughout the incubation. Nitrogen was mineralized and 
could have volatilized or leached, which would result in a decrease. The phosphorus 
most likely leached because it was not only more labile initially, but it mineralized 
throughout the incubation. The decrease in potassium is most likely the result of 
leaching as K is a highly soluble chemical constituent of organic wastes. In general, 
the concentration of the remaining nutrients was relatively unchanged for some and 
slightly higher for others as these are less soluble. 
    
 
 
4
2 
Table 3-1: Nutrient content of CBP waste and Louisville Green before incubation as a function of particle size and amendment 
type. The differences between particle sizes are not significant. 
Fraction 
(mm) 
C  N  P  K  Ca  Mg  Zn Cu Mn Fe  
 
12.5-25 
  
39.8 
 
1.9 
 
0.7 
% 
2.1 
 
2.1 
 
0.8 
 
187 41 
mg kg-1 
216 
 
1359 
8-12.5 39.8 2.0 0.7 2.3 2.5 0.9 203 43 260 2184 
5.6-8 39.9 1.8 0.7 1.8 1.9 0.8 163 37 191 1384 
3.35-5.6 40.5 1.9 0.6 1.7 2.2 0.9 187 35 211 1684 
Louisville 
Green 
36.6 7.1 3.0 1.9 2.2 0.5 479 200 153 8088 
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Table 3-2: Nutrient content of CBP waste and Louisville Green after incubation as a function of particle size and amendment 
type. 
Fraction 
(mm) 
C N P K Ca Mg Zn Cu Mn Fe  
 
12.5-25 
 
40.7 
 
1.9 
 
0.6 
% 
0.2 
 
2.3 
 
0.9 
 
234 42 
mg kg-1 
257 
 
1700 
8-12.5 40.6 1.6 0.5 0.2 2.8 1.1 191 36 256 1989 
5.6-8 41.6 1.6 0.5 0.2 2.3 0.9 188 36 243 1992 
3.35-5.6 42.0 1.5 0.5 0.1 1.8 0.7 176 33 230 2049 
Louisville 
Green 
33.8 4.1 2.3 0.3 3.4 0.5 605 214 203 11481 
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Figure 3-4: Percent carbon as a function of particle size, amendment, and time. 
Letters represent significant differences in carbon content with time for Louisville 
Green only.  
 
The mineralizable N pool of CBP material suggests that the material is dynamic, 
meaning that the N may be cycled constantly throughout the incubation, despite 
there being an increase in net NH4+ yield with time (Fig. 3-5). The drastic increase in 
mineralizability for the 5.6mm-8mm fraction for the latter part of the incubation is 
an outlier, most likely attributed to an artifact of sampling. 
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Figure 3-5. Anaerobically mineralizable N as a fraction of the total N in the sample 
taken at each collection time as a function of particle size and amendment. The 
asterisks represent values that are significantly different from other amendments at 
the same time. Letters represent significant differences in percent mineralizable N 
between time periods with all amendments considered. 
 
Net N mineralization occurred during the incubation because all treatments 
showed a net increase in NH4+ with time.  Additionally, all treatments generally 
showed a decrease in total N content with time, which is indicative of 
mineralization. Louisville Green consistently produced more NH4+ than all CBP waste 
treatments (Fig. 3-6) (p<0.001). NH4+ concentration decreased or was negligible in all 
CBP waste treatments in the first 60 days, with an increase observed at 90 days and 
180 days (Fig. 3-6), which corresponds to the increase in temperature during that 
period of the incubation (Figure 3-1.)  As the incubation progressed, mineralizability 
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of N generally increased, which could mean the lability of N increased or that there 
was surface colonization of the materials by microorganisms, which in terms of an N 
pool, are inherently more labile in the assessment procedure.   
 
 
Figure 3-6: Net NH4+ recovered from litter bag material as a function of product, 
particle size, amendment, and time. Error bars represent standard deviation for 
treatments (n=4).  
 
CBP waste contained more mineralizable P than Louisville Green initially, but not 
thereafter (Fig. 3-7). At each collection date, percent mineralizable P for Louisville 
Green was significantly different from all CBP treatments (p<0.10). At 30 and 60 day 
samples the mineralizable P as a fraction of the total P in the litter bags was 
negligible for CBP treatments, but rose thereafter. Particle size did not make a 
difference in mineralizability of P, which is consistent with observations previously 
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made (Chapter 2), which indicated that because the waste comes from the same 
layer and has similar concentrations of its chemical constituents (Table 3-1), then 
the nutrient characteristics should be the same. Of particular interest is the 
consistency of behavior between treatments at each time point. In   general, the 
trends are the same across all CBP waste treatments at each collection point in 
terms of percent mineralizable P.  
 
 
Figure 3-7. Percent anaerobically mineralizable P as a function of particle size, 
amendment, and time. Louisville Green is significantly different from all CBP 
treatments at each period (p<0.10)(represented by an asterisk). Letters represent 
significant differences between periods, taking into account all treatments.  
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Figure 3-8. Net anaerobically mineralizable P as orthophosphate after a seven day 
incubation as a function of particle size, amendment, and collection time. Error bars 
represent standard deviation (n=4). 
 
      The difference in trends for net NH4+ (Fig. 3-6) and net orthophosphate (Fig. 3-8) 
is worth noting. Unlike net NH4+, there was steady availability of mineralizable 
orthophosphate during winter, suggesting that the P is labile. It could be 
hypothesized that the organic N and organic P pools are inherently different such 
that the organic P pool is initially more labile than the organic N pool.  
The lack of orthophosphate present in the final incubation period could be 
attributed to there being no more mineralizable P because the mineralization 
occurred earlier in the incubation. This is supported by the lability argument posed 
for the organic P pool. The increase in mineralizable ammonium and 
orthophosphate is most likely attributed to increased temperatures coupled with 
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consistent precipitation for the latter part of the experiment. These conditions could 
have aided in physically making the amendments more accessible and could have 
stimulated microbial growth. 
After 30 days incubation, no treatment yielded nitrate, suggesting that any 
previously produced nitrate was lost via leaching.  
 
Conclusion 
The initial hypothesis was not supported in terms of the relative amount of plant 
available N and P released.  In general, more P was released relative to N for CBP 
waste treatments incubated anaerobically, regardless of particle size. It is unclear 
whether the P was immobilized, allowing it to be conserved while the N may have 
been lost. Louisville Green had more mineralizable N overall. 
The surface application spreading method of CBP waste should have no 
influence on mass loss as the material was inherently the same. Particle size does 
not seem to be a factor in the decomposition of this material. The behavior in terms 
of decomposition of CBP vs. Louisville Green with time was relatively the same. 
Louisville Green tended to take longer to decompose, but this could be because this 
biosolid material is highly processed, which could make it more recalcitrant despite 
the lower C:N ratio. 
Although the two amendments exhibited similar patterns in decomposition, 
their nutrient availability differed. Overall, Louisville Green yielded more plant-
available nutrients than the CBP waste. This was evident from the greater 
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mineralizable ammonium and orthophosphate produced by Louisville Green with 
time relative to CBP waste. However, the behavior of the materials with time was 
similar in that when CBP experienced an increase or decrease in a nutrient, Louisville 
Green exhibited the same trend. The difference lies in the amount of each nutrient 
released. Louisville Green tended to be more nutrient dense throughout the 
incubation, which was consistent with studies that suggest biosolids are more 
nutrient dense. 
This study showed that CBP waste is not as nutrient dense as biosolids and that 
particle size exhibited no apparent effect on nutrient content and release. Although 
CBP waste is often surface applied in a pasture setting, it may also be incorporated 
into cropland as a supplemental fertility source. To the best of the author’s 
knowledge, there has only been one study observing the nutrient release and 
availability characteristics of incorporated CBP waste. Furthermore, little research 
has examined the nutrient release and availability on sensitive soils, namely those 
that may be enriched in phosphorus. My data suggests that P is almost a 1:1 ratio to 
N in terms of mineralizability, and that P appears to mineralize steadily, which could 
pose potential environmental risk on P-enriched soils.   
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Chapter 4: Aerobic Mineralization of CBP Waste 
Introduction 
Nearly 50 percent of water quality issues are attributed to agriculture (USEPA, 
2000). Because of increased regulatory pressure to control nonpoint sources of 
pollution, nutrient management plans are mandated on the state and federal level 
in Kentucky.  Animal feeding operations are subject to nutrient management 
guidelines to mitigate the risk of over applying fertilizers and animal wastes (KRS. 
224.71-100 through 224.71-140, 2015) Of particular concern in Kentucky, is the risk 
of over-applying of N and P due to karst topography, which provides direct conduits 
to ground and freshwaters.  Recently, regional importance has been placed on P due 
to the risk of eutrophication of fresh coastal waters.   
A contributing factor of this risk is the naturally occurring phosphorus 
enrichment of many Kentucky soils and historic over application of manure wastes. 
In accordance to federal mandates, a phosphorus index has been created in each 
state to moderate risks associated with P loading to soils such that if a soil exhibits a 
certain P index, nutrient applications must be made on a P basis so as to not 
saturate soils with P (NRCS, 2012).  
The P index is a number resulting from the aggregation of many environmental 
factors such as soil test phosphorus (STP), slope, vegetation, proximity to water 
bodies, and texture. Heated debate surrounds the weight placed on each of the 
factors that make up the index, with emphasis placed on STP (Bolster, 2011).  In 
Kentucky, STP is the number derived from Mehlich III extracts, which are those P 
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extracts best correlated with plant response for the region. A wealth of knowledge 
exists surrounding the effect of other waste amendment addition on the change in 
STP with time (e.g. Laboski and Lamb, 2003; Kumaragamage et al., 2011; Pagliari and 
Laboski, 2013) but little research has examined the change in STP following the 
addition of composted waste amendments, notably CBP waste (Laboski and Lamb, 
2003; Pagliari, 2011; Pagliari and Laboski, 2013.) In general, animal manures can 
increase STP to the same or greater extent as inorganic fertilizers added at the same 
rate, but different manures may exhibit different P availability indices and or 
different sorption characteristics (Lehmann et al., 2005; Shafqat and Pierzynski, 
2013). 
Pagliari and Laboski (2013) used the sequential fractionation procedure reported 
by He and Honeycutt (2001) and He et al. (2006) to determine that there was no 
significant difference in the change in STP across a range of five soils between fresh 
manure and what was considered the “middle layer” of a compost bed pack. These 
findings may be the result of the soil having a greater effect on the change in STP 
than the manure, as well as the manure source having a similar amount of water 
extractable P relative to total P of the amendments. Laboski and Pagliari (2012) 
concluded that there were no previous studies reporting the effects of dairy manure 
treatment on the change in STP. They found that CBP-like material tended to change 
STP more than fertilizer, but there was no change exhibited by solid dairy manure. 
The study did not examine the effect of fresh manure on STP.  
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Zymovya et al. (2006) found that although soil applied un-composted beef 
manures contain more soluble P than composted beef manure, composted manures 
yield more plant-available P than uncomposted manures. These findings are most 
likely because each amendment was added on a mass basis instead of in terms of a 
specific nutrient such as N or P, therefore adding composted manures led to more P 
addition. While C and N are lost during composting, P is conserved because it is not 
subject to a gaseous fate. For this reason, P may be concentrated in composted 
waste and in CBP waste even though it is not wholly composted. 
During an 18-week incubation study, Russelle et al. (2009) reported net N 
mineralization of CPB-amended soils; an initial decrease in ammoniacal N resulted in 
an increase in NO3-N.  The study looked at a single soil and single waste amendment 
to derive a fertilizer nitrogen equivalent.  Research suggests that less mineralization 
occurs in compost-amended soil compared to fresh manure amended soil (Eghball, 
2000). This is supported by Zymovya et al. (2006), who showed percent available N 
was greater for non composted manures. This is most likely due to the initial N loss 
occurring during composting and the stabilization of remaining N.  The distinction of 
CBP waste is that it is neither wholly composted nor fresh, so little is known about 
the nutrient dynamics in terms of N or P of this material once it is incorporated into 
soil.  
The relationships of inherently different waste inputs and differing STP on the 
changes in plant available nutrients (namely N and P) with time is not well 
understood.  Basing management decisions of CBP waste on the book value of 
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another dairy waste input may lead to inaccurate nutrient applications because the 
nutrient availability and behavior of CBP waste is unknown. Furthermore, P cycling in 
soils with differing STP following the addition of various organic wastes is not well 
understood. Adler and Sikora (2003) found that adding immature compost led to 
increased water-extractable P due to the generation of organic acids or humic 
substances that competed with adsorption sites to allow P to be more available. But 
Park et al. (2004) found that compost can inhibit phosphatase activity and 
subsequently suppress mineralization, favoring organic P accumulation. 
The following study utilized two regionally important agricultural soils differing in 
initial STP value. I tested the hypothesis that fresh manure would cause greater 
change in STP than CBP waste due to its inherently higher amount of inorganic P. I 
also tested the hypothesis that soil with CBP waste would produce more dissolved 
organic P than soil with fresh manure, and that low STP soils would show a negligible 
change in STP at lower application rates while greater change would occur in fresh 
manure amended systems. The rationale behind the hypothesis is that CBP waste 
would yield more organic P than fresh manure stems from the idea that organic P 
would accumulate due to inhibited mineralization.  
From a nitrogen perspective, soils amended with fresh manure should mineralize 
N more quickly than CBP amended soil, regardless of soil type because I hypothesize 
that STP does not influence N mineralization. Consequently, systems amended with 
fresh manure should produce more proportional NO3- than those amended with CBP 
waste. 
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Materials and Methods 
Soil Collection  
Soils for this study were collected from Bourbon and Franklin County Kentucky. 
The soils were upland soils of the Faywood series; fine, mixed, active, mesic Typic 
Hapludalfs, which consist of moderately deep, well drained silt loam soils that 
formed in limestone residuum interbedded with thin layers of shale.  The soils 
differed in location and in soil test phosphorus (STP) level, which was determined by 
a Mehlich III extraction procedure performed by the University of Kentucky 
Regulatory Services Soil Testing Lab. 
 Samples were collected with assistance from Natural Resources Conservation 
Services personnel on two private landowner properties. An auger was used to 
collect soils from each site in the first 15 cm, as this depth represents the plow layer. 
These soils had previously been tested and designated by the NRCS for adherence to 
NRCS 590 Nutrient Management Planning standards. The Bourbon county Faywood 
historically exhibited a relatively high STP and the Franklin county Faywood a low 
STP. For the purpose of this study they have been designated HSTP Faywood 
(Bourbon) and LSTP Faywood (Franklin), respectively.  
 
Soil Processing 
 Soils were deposited into clean plastic buckets and returned to the lab to air dry 
inside clean plastic bins for seven days. Large aggregates were broken after air 
drying.   The soils were hand sieved through a 2 mm mesh and large particulate 
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plant matter and gravel were removed. Soils were stored at 4 C until further 
analysis.   
 
Amendment Collection 
In late summer 2014, CBP waste samples (CBP) were collected from Harvest 
Home Dairy in Crestwood, KY. The same sampling scheme described in Chapter 2 
was used. An auger was used at each of nine designated sites to reach the bottom of 
the pack. An entire core of the pack was used to reflect the whole-pack nutrient 
content. Each core was deposited into a large clean plastic container and mixed 
thoroughly by hand to obtain a composite.  
On the same sampling date, fresh manure (FM) samples were collected from the 
feed alley of the dairy and deposited into a clean plastic bucket. The samples were 
immediately returned to the laboratory for processing. 
 
Amendment Processing 
The CBP composite was laid onto a clean tarp and allowed to air dry for seven 
days. Samples were ground to 2mm using a mechanical grinder after drying. Three 
subsamples were used to measure gravimetric water content. The CBP samples 
were stored in clean plastic buckets at 4 C until further processing. The fresh manure 
sample was homogenized with the aid of an immersion blender. After 
homogenization, the fresh manure sample was stored in a clean plastic container at 
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4 C until further analysis. Three subsamples were analyzed for gravimetric water 
content by drying in an oven for 24 hours at 104 C. 
 
Total Carbon, Nitrogen, and Phosphorus of Soils and Amendments 
Total C and N were determined by combustion (Yeomans and Bremner, 1991).Total 
phosphorus of soils and amendments was determined by an adaptation the Kjeldhal 
digestion method (Taylor, 2000). Digested samples were assessed colorimetrically 
using an amended form of the malachite green detection method (D’Angelo et al., 
2001) and recorded as PO4-P. 
 
Aerobic Mineralization  
Both soils were brought to 65% water holding capacity by mixing distilled water 
with field moist soil. One hundred gram samples were weighed and placed into 
clean sealable 15 cm X 15 cm plastic bags. For each soil, eight treatments (four rates 
each of two types of waste) were applied based on the total P content determined 
by the previous Kjeldahl digestion of the CBP waste or fresh manure. Treatments 
were 0, 25, 50, and 100 mg kg-1 of added total P. There were four replicates of each 
treatment for each collection time. Samples were collected every 30 days for 120 
days. Samples were incubated in an incubator held at a constant 25 C until 
collection. Subsamples were collected weekly to determine the moisture content 
and distilled water was added on an as-needed basis to maintain constant moisture 
content. At each collection date a subsample was removed from each bag and 
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gravimetric water content was determined after drying in a 104 C oven for 24 hours. 
All results are reported on an oven dry matter basis.  
 
Phosphorus Measurements 
At each sampling date, four replicates of each treatment were tested for 
inorganic water-soluble P (WSPi) using the malachite green colorimetric method 
described previously. Water-soluble organic P (WSPo) was determined 
colorimetrically after centrifuging a one mL sample at 3700 rpm for 27 minutes, 
which is the equivalent of filtration through a 0.45 micron filter, (calculated from a 
derivation of Stoke’s Law) and decomposition of the organic P fraction by exposure 
to UV light, an adaptation of Ron Vaz et al. (1992) and Aminot and Kerouel (2001) as 
described below. For the purpose of this study, I designated the 0.45 micron filter 
size as a cutoff for P as it is considered “aqueous” or solution P at that diameter. 
Although 0.2 microns is the designation for dissolved or “colloidal” P, I decided to 
only fractionate to 0.45 microns, because this encompasses soluble and dissolved P 
in the supernatant.  
Using an adaptation of the malachite green method for determining WSPi and He 
et al. (2006), 25 µL of sample or standards and 25 µL of a saturated persulfate 
solution diluted 1:10 were added to each well of a quartz Costar 96-well microplate 
(Corning Incorporated, Lowell, MA). The persulfate solution acts as an oxidizing 
agent to aid the decomposition of organic P to PO4-P. The plate was exposed for one 
hour to a 6 Watt UV lamp while turning slowly on a display plate to ensure all wells 
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receive adequate UV light exposure.    One-hundred-fifty µL of distilled water was 
added to each well after UV exposure. Forty µL of each reagent were dispensed into 
each well in the same fashion described for the Malachite green procedure. The 
plate reader was set at 630 nm and the sample was assayed for PO4-P.  The 
difference in WSPi and this number was regarded as WSPo.  
STP measurements were performed by University of Kentucky Regulatory 
Services Testing using a Mehlich III extractant methodology. Composites of each 
sample were assessed for each collection time.  
 
Nitrogen Measurements 
At each sampling date, duplicates of each treatment were analyzed for plant 
available nitrogen forms (NO3- and NH4+) using the anaerobic incubation method and 
microplate colorimetric procedures previously described (Chapter 2). From each bag 
a subsample was removed and hand ground using a mortar and pestle. Five g of 
each soil were placed in thick-walled glass test tubes. Twenty mL were added to 
each tube and each tube was capped with a rubber stopper. Tubes were shaken 
vigorously with the aid of a reciprocating shaker for five min. To one test tube of 
each treatment, five mL of 3M KCl was added and the tubes were recapped with 
rubber stoppers. The remaining tubes were incubated at 37 C for seven days. The 
tubes with added KCl were shaken for 30 min on a reciprocating shaker. After the 
contents settled for 30 min, a one mL aliquot was removed and placed in an 
eppendorf tube. These samples were stored at -20 C until analysis. After seven days 
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of anaerobic incubation, the remaining samples were extracted as described above 
and stored at -20 C until analysis.  
 
Statistical Analysis 
The MEANS procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC, 2013) was used to 
determine WSPi, WSPo, and NH4+ with time. The MIXED procedure of SAS was used to 
develop all models for the effect of rate on STP, WSPi, WSPo, NO3-, and NH4+  with 
time. The GLM procedure was used to determine the statistical significance of soil, 
amendment, rate, time, amendment *rate, amendment* time, rate*time, and 
amendment*rate*time on PO4-P, dissolved organic P, and NO3-N yield for the 
individual soil types and across all treatments (α=0.05). 
 
Results and Discussion  
The Faywood soils used for this study are similar in that they are both slightly 
acidic, have a similar clay content, C:N ratio and Zn content (Table 4-1). The soils 
differ in STP, K, Ca, and Mg, even though they are of similar mineralogy due to their 
parent material. The slightly higher clay content and slightly more acidic pH of the 
Faywood LSTP soil could have contributed to less availability of P in the native soil 
and following amendment addition.  
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Table 4-1. Nutrient content of soils prior to incubation. 
Soil pH Texture C:N P 
(mg kg-1) 
K 
(mg kg-1) 
Ca 
(mg kg-1) 
Mg 
(mg kg-1) 
Zn 
(mg kg-1) 
Faywood 
low STP 
6.05 8% sand 
64% silt 
28% clay 
8.2 15 118 4994 168 2 
Faywood 
high STP 
6.20 9% sand 
68% silt 
23% clay 
9.0 178 276 3217 267 2 
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Water Soluble Inorganic P (WSPi) and Soil Test Phosphorus  (STP)  
The source interactions for LSTP and HSTP Faywood soil were highly significant (p 
< 0.001) for time, rate, amendment, and all their interactions. 
In general, despite being added on the same P basis, CBP waste yielded more 
plant available P as orthophosphate (Figs. 4-1 to 4-4)   and STP (Tables 4-2 and 4-3) 
than fresh manure regardless of soil type. As application rate increased, so did WSPi, 
although the magnitude of difference from the control decreased with time. The 
rapid decrease from the beginning of the incubation to 60 days and the gradual 
increase thereafter was generally consistent across all amended treatments during 
the course of the incubation. This is to be expected as P fertilizer, unless applied in 
concentrated bands, can quickly sorb to soil, making it less bioavailable.  The 
differences in amendment type are more apparent in the LSTP Faywood soil than 
the HSTP Faywood soil (Figs. 4-1 and 4-2) as the latter part of the incubation 
revealed greater differences in amendment type, while there was little to no 
significant difference in fresh manure and CBP in the latter period of the incubation 
in the HSTP Faywood soil (Figs. 4-3 and 4-4). By 90 days, regardless of amendment, 
there was no effect of time on WSPi. At the highest application rate the WSPi 
remained significantly greater than the control for both soils for the duration of the 
incubation.  
In summary, Figs. 4-1 to 4-4 establish that there is inherently more WSPi in the 
HSTP Faywood soil than the LSTP Faywood soil; that time is significant early, but not 
late; that treatment differences decline with time. 
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Figure 4-1. Orthophosphate (WSPi) of the low STP Faywood soil amended with CBP 
waste as a function of rate and time. Columns with different lowercase letters 
represent significant differences between treatments at the same point in time 
(p<0.05). Columns with different uppercase letters indicate statistical significance of 
time across the treatments. Error bars represent standard deviation (n=4). 
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Figure 4-2. Orthophosphate (WSPi) in the low STP Faywood soil amended with fresh 
manure as a function of rate and time. Columns with different lowercase letters 
represent significant differences between treatments at the same point in time 
(p<0.05). Columns with different uppercase letters indicate statistical significance of 
time across the treatments. Error bars represent standard deviation (n=4). 
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Figure 4-3. Orthophosphate (WSPi) of the high STP Faywood soil amended with CBP 
waste as a function of rate and time. Columns with different lowercase letters 
represent significant differences between treatments at the same point in time 
(p<0.05). Columns with different uppercase letters indicate statistical significance of 
time across the treatments. Error bars represent standard deviation (n=4). 
 
 
0
50
100
150
200
250
300
0 30 60 90 120
O
rt
h
o
p
h
o
sp
h
at
e
 (
m
gk
g 
-1
)
Days Incubated
Control
25 mgkg-1
50 mgkg-1
100 mgkg-1
a
b
c
d
a
c
a
b b
c
a
b b
c
a
b b
c
A B
BC C C
-1
-1
-1
    
66 
 
 
Figure 4-4. Orthophosphate (WSPi) of the high STP Faywood soil amended with fresh 
manure as a function of rate and time. Columns with different lowercase letters 
represent significant differences between treatments at the same point in time 
(p<0.05). Columns with different uppercase letters indicate statistical significance of 
time across the treatments. Error bars represent standard deviation (n=4). 
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Therefore, the change in STP reported by Pagliari and Laboski (2013) for the middle 
CBP layer may overestimate the actual change in STP following addition of CBP 
waste because barn cleanouts include all layers.  My results also differ from Pagliari 
and Laboski in terms of the change in STP following fresh manure addition;   in 
general, any waste addition significantly increased STP in both soils- and the net 
change persisted with time (Table 4-2 and 4-3).  
 
Table 4-2. Net change in soil test P of the low STP Faywood soil as a function of 
amendment, rate, and time. The column for Control STP is the unamended value for 
the soil. Values with different letters are significantly different from other 
treatments in the same row (α= 0.05). 
 Control STP 
(mg kg-1) 
 Application Rate (mgkg-1)  
25 50 100 
Time 
(Days)  
CBP 
Fresh 
Manure 
CBP 
Fresh 
Manure 
CBP 
Fresh 
Manure 
0  18a 38c NSa 66d 27b 116e 41c 
30  18a 34bc 32b 50d 38c 98e 50d 
60  16a 23b 25b 34c 31c 62e 45d 
90  16a 21b 24b 40d 30c 72e 42d 
120  16a 19ab 24b 30c 30c 54e 43d 
NS = not a significant change from the control.  
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Table 4-3. Net change in soil test P content of the high STP Faywood soil as a 
function of amendment, rate, and time. The column for Control STP is the 
unamended value for the soil. Values with different letters are significantly different 
from other treatments in the same row (α = 0.05). 
 Control STP 
(mg kg-1) 
 Application Rate (mgkg-1)  
25 50 100 
Time 
(Days)  
CBP 
Fresh 
Manure 
CBP 
Fresh 
Manure 
CBP 
Fresh 
Manure 
0 189a 209c 201b 220d 210c 273f 237e 
30 184a 200bc 198b 216d 204c 264e 216d 
60 172a 197b 196b 209c 197b 237e 230d 
90 188a 212c 199b 223d 219d 257f 242e 
120 191a 209b 205b 219c 223c 249d 246d 
 
 
The differences in the effect of amendment type on STP are more apparent in 
the LSTP Faywood soil, with greater differences shown at higher application rates 
(Tables 4-2 and 4-3). The CBP waste significantly increased STP more than fresh 
manure in all cases initially. But, the net change in STP was not proportional to the 
rate of P application for CBP waste; the increase in STP for higher application rates 
was not additive, but this was soil dependent. By the end of the incubation, the net 
change in STP from the highest application rate of CBP was greater than four times 
the net change in STP from the lowest application rate of CBP in the LSTP Faywood 
soil (Table 4-2).  In soil amended with manure, relative net changes in STP 
corresponded much better with application rate in both HSTP and LSTP Faywood 
soil. This is significant because fresh manure P behavior in terms of STP is inherently 
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more predictable than that of CBP waste. This phenomenon may affect 
management decisions.  
This study revealed the potential buffering capacity and saturation point of the 
LSTP Faywood soil such that at some point between the 50 and 100 mg kg-1 rates, 
the soil was saturated with P, which was reflected by increasing changes in STP with 
time.  
The differences in STP between amendments of similar rates was generally 
greater in proportion in the LSTP Faywood soil, where CBP waste yielded a 
proportionally greater change in STP than fresh manure at the same rate (Table 4-2).  
The phosphorus chemical constituents potentially differed sufficiently between the 
two amendments such that the P of fresh manure was more susceptible to 
adsorption or precipitation, while P in CBP material remained in solution or loosely 
adsorbed.   
The differences in P chemistry between fresh manure and CBP waste were best 
demonstrated at higher application rates. The net changes in STP were small, yet 
statistically significant for low application rates of either amendment in the LSTP soil 
by the end of the incubation, while net changes in the HSTP soil were more 
pronounced (Tables 4-2 and 4-3). Although the proportional net change of STP for 
LSTP soil is greater, the change is not likely to be troublesome because the values 
are not in a range that poses ecological risk according to NRCS 590, with respect to 
STP ranges used for the P index as a limiting factor for further nutrient addition. 
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At times, most notably the initial measurements following P addition, the STP 
was less than the water soluble P measured for the LSTP soil. This could be an 
artifact of oven drying the samples before testing for Mehlich III extractable P (STP), 
which is typical protocol for the testing service used, and could have led to P 
precipitation into less extractable forms. The samples used for water soluble P 
analysis were processed on an ‘as-is’ basis.  This hypothesis is supported by 
unpublished data generated from the study in Chapter 2, which showed that drying 
method affects P availability (see appendix); oven drying can decrease P availability 
due to precipitation.  In addition, the samples processed for STP measurements 
were composites, which could have led to lower STP readings than orthophosphate 
readings at those time points, but this only occurred in the earlier stages of 
incubation.  Water soluble P was never greater than STP in the later stages of the 
incubation for the LSTP Faywood soil, which suggests that the system may have 
reached equilibrium, whereas the earlier stages of the incubation could have been 
an artifact of the rewetting effect. The samples used for STP analysis were sent to a 
testing facility on campus, which means there may have been a difference between 
orthophosphate and STP measurements. Literature suggests that rewetting dried 
soils results in a spike in soluble P (Turner and Haygarth, 2001). The soils used in this 
study were air dried before processing and later rewetted for incubation. 
Like the LSTP Faywood soil, the changes in STP were generally greater for the 
high STP Faywood soil amended with CBP waste. The differences in amendment 
type were more apparent earlier within the incubation as there was no significant 
    
71 
 
difference in net STP between fresh manure and CBP waste applied at the same rate 
by the end of the incubation (Table 4-3). 
There was variation in net STP values across the same treatment in both soil 
types as a function of time. The variability of STP measurements with time may 
influence sampling time behavior for land managers, such that those who manage 
soils with a borderline STP value may wish to take STP samples at times when soils 
yield lower STP values in order to apply more amendment. Furthermore, this result 
indicates that P is more dynamic in soils amended with organic waste than those 
that receive inorganic P fertilization. The net change in STP following fresh manure 
amendment with time tended to increase from the initial values regardless of 
application rate or soil type while that of CBP amended soils tended to decrease 
(Table 4-2, Table 4-3).  To the best of the author’s knowledge, there is no literature 
that has recorded this phenomenon, which could be because studies of this type 
tend to record STP at two time points, whereas this study recorded STP throughout 
the incubation.  
Because much of the P content of fresh manure consists of orthophosphate, the 
system could reach equilibrium faster. Amorphous compounds such as magnesium 
ammonium phosphate hexahydrate (MAP) in CBP material may have prevented P 
from strongly sorbing to colloid surfaces, allowing it to remain in solution; thus 
making it easier to extract initially. Komiyama et al. (2013) found that amorphous 
phosphorus compounds such as MAP are often found in animal manure composts 
and can contribute to P availability when applied to soils. However, as the CBP waste 
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mineralized with time, the increase in orthophosphate content led to adsorption to 
colloid surfaces or precipitation of secondary P containing minerals, resulting in a 
decrease in extractable P. 
This study did not support the hypothesis in terms of P availability.  Amorphous 
compounds in CBP waste may prevent phosphate P from strongly adsorbing to soil 
colloidal surfaces, which could be a reason that CBP yielded more solution P than 
fresh manure overall, regardless of soil type (Figs. 4-1 to 4-4).  This alternative  
hypothesis is supported by the findings of Anderson et al. (1974) in which organic P 
compounds such as inositol hexaphosphate and DNA complexed with 
polyphosphates preferentially sorb to the soil, allowing for increased availability of 
plant-available P.  
 
Water Soluble Organic Phosphorus (WSPo) 
Throughout the entirety of the study, CBP waste yielded more UV extractable P 
(that fraction including orthophosphate and dissolved organic P) than manure in 
both soils (Figs. 4-5 to 4-8). Although CBP waste generally yielded more UV 
extractable P than fresh manure, the latter often yielded more WSPo.. 
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Figure 4-5. Dissolved organic P of the low STP Faywood soil amended with CBP 
waste as a function of rate and time. Columns with different lowercase letters 
represent significant differences between treatments at the same point in time 
(p<0.05). Columns with different uppercase letters indicate statistical significance of 
time across the treatments. Error bars represent standard deviation (n=4). 
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Figure 4-6. Dissolved organic P of the low STP Faywood soil amended with fresh 
manure as a function of rate and time. Columns with different lowercase letters 
represent significant differences between treatments at the same point in time 
(p<0.05). Columns with different uppercase letters indicate statistical significance of 
time across the treatments. Error bars represent standard deviation (n=4). 
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Figure 4-7. Dissolved organic P of the high STP Faywood soil amended with CBP 
waste as a function of rate and time. Columns with different lowercase letters 
represent significant differences between treatments at the same point in time 
(p<0.05). Columns with different uppercase letters indicate statistical significance of 
time across the treatments. Error bars represent standard deviation (n=4). 
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Figure 4-8. Dissolved organic P of the high STP Faywood soil amended with fresh 
manure as a function of rate and time. Columns with different lowercase letters 
represent significant differences between treatments at the same point in time 
(p<0.05). Columns with different uppercase letters indicate statistical significance of 
time across the treatments. Error bars represent standard deviation (n=4). 
 
Fresh manure amended LSTP Faywood soil yielded more dissolved organic P than 
the LSTP Faywood soil amended with CBP waste initially.   This was because the 
organic P fraction of the fresh manure was more labile initially than the organic P 
fraction of CBP waste. While dissolved organic P significantly decreased after 30 days 
of incubation for the fresh manured samples, it significantly increased for CBP.  
Fresh manure amended soil reached equilibrium, a steady state of organic P 
measurements regardless of rate, faster than CBP waste amended soil in both soil 
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The contribution of dissolved organic P to bioavailable P for all treatments in the 
HSTP soil was negligible throughout the early stages of the incubation. In general, 
orthophosphate proportionally decreased more across all treatments relative to 
decreases in dissolved organic P. The fraction of bioavailable P was generally 
dominated by orthophosphate, but the contribution of organic P became more 
prevalent through the later stages of the incubation, especially in the LSTP soil. The 
amount of dissolved organic P surpassed the orthophosphate values in the low 
application rates of the LSTP Faywood by the end of the incubation (Figs. 4-9 to 4-
10).  
Although the amount of extractable dissolved organic P in the HSTP soil was 
similar to that of the LSTP soil, the amount of orthophosphate in the HSTP soil was 
much greater. Like the LSTP Faywood, orthophosphate in the HSTP Faywood 
decreased with time, but unlike the LSTP Faywood, the amount of dissolved organic 
P generally decreased as well regardless of amendment addition (Figs. 4-7 to 4-8). 
The decrease in dissolved organic P was most likely the result of mineralization. 
The increase in dissolved organic P for the CBP waste amended LSTP soil may be 
a result of decomposition of more recalcitrant organic P fractions into more labile 
organic P fractions. The CBP amended LSTP Faywood soil showed less decrease in 
orthophosphate in the first 30 days of incubation relative to the drastic decrease 
occurring in the fresh manure amended soil as a result of this process.  
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Figure 4-9. The percent bioavailable P as UV-extractable dissolved organic P as a 
function of rate and time in low STP Faywood soil amended with CBP waste.  
 
 
Figure 4-10. The percent bioavailable P as UV-extractable dissolved organic P as a 
function of rate and time in low STP Faywood soil amended with fresh manure.  
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Figure 4-11. The percent bioavailable P as UV-extractable dissolved organic P as a 
function of rate and time in high STP Faywood soil amended with CBP waste.  
 
 
Figure 4-12. The percent bioavailable P as UV-extractable dissolved organic P as a 
function of rate and time in high STP Faywood soil amended with fresh manure.   
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The inherent differences in P chemistry of the amendments may be more easily 
expressed in the LSTP soil environment because the HSTP soil environment is less 
able to buffer P additions regardless of P form. This is supported by the lower 
proportion of extracted dissolved organic P in the HSTP Faywood soil relative to total 
water soluble P (Figs. 4-11 to 4-12). 
The dissolved organic P fraction may be of great significance in supplying P 
fertility in LSTP soils (Figure 4-5 and 4-6).  Although dissolved organic P is thought to 
possess low availability for plants, the immobilization of P within that fraction 
ultimately supplies the soil solution with phosphorus. This fraction is not subject to 
the many fates of inorganic phosphorus whereby it is made unavailable (Seeling and 
Zasoski, 1993; Olander and Vitousek, 2004). Unlike the LSTP Faywood, the 
contribution of dissolved organic P to the bioavailable P fraction in the high STP 
Faywood was negligible (Figs. 4-11 and 4-12).  
A more sophisticated P fractionation scheme could be employed in the future to 
reveal the actual chemical forms of P present following the addition of each waste 
amendment and could better determine the fate and mechanisms of the added P. 
Such a scheme could provide a better predictor of the nature and subsequent 
behaviors of the P pools in the soil, specifically the nature of the labile, 
exchangeable, and fixed P pools. 
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Nitrogen 
The results supported the hypothesis that manure-amended soil yielded more 
NO3- than CBP amended soil, regardless of STP. The available nitrogen pool for CBP 
was initially negligible, as no CBP treatments differed from the control in either soil 
in terms of NO3- (Figs. 4-13 and 4-14). This outcome was to be expected because CBP 
waste contains negligible amounts of NO3-. The CBP treatments differed from the 
control in the LSTP Faywood soil by 30 days, but only at the two highest application 
rates.  The lowest application rate differed from the control by 60 days, and for the 
remainder of the incubation. Because the control soil demonstrated rapid 
nitrification, it suggested that the nitrogen pool of the soil was more labile relative 
to the N pool of the CBP waste.  
The difference in NO3 formation between the control and the CBP waste 
additions is similar in each soil at comparable rates. In general, the differences are 
not proportional to the rate of application. Simply put, the lowest CBP application 
rate difference of approximately 30 mg kg-1  NO3-N is greater in proportion than the 
change exhibited by the highest application rate of (which is four times that of the 
lowest), which was approximately 68 mg kg-1 NO3-N. This relationship is consistent in 
the HSTP Faywood soil, except that the net change from the control was generally 
greater for each treatment.  
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Figure 4-13. Nitrate content in the low STP soil amended with CBP waste as a 
function of rate and time. Columns with different lowercase letters represent 
significant differences between treatments at the same point in time. Columns with 
different uppercase letters indicate statistical significance of time across the 
treatments. Error bars represent standard deviation (n=2). 
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Figure 4-14. Nitrate content in the high STP soil amended with CBP waste as function 
of rate and time. Columns with different lowercase letters represent significant 
differences between treatments at the same point in time. Columns with different 
uppercase letters indicate statistical significance of time across the treatments. Error 
bars represent standard deviation (n=2). 
 
The NO3-   yield was significantly greater in both soils amended with fresh manure 
compared to CBP throughout the entirety of the study (Figs. 4-15 and 4-16). This is 
due in part to the fact that fresh wastes contain more labile nitrogen (Eghball, 2000; 
Tarrasón et al., 2007.) Book values for N availability of fresh dairy manure are 
estimated at 50% for the first year (Rasnake et al., 2000). Using the anaerobic 
mineralization as a proxy for first year availability, Chapter 2 revealed that CBP 
waste may exhibit between 10-15% availability in the first year.  
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In addition, the amendments were added on an equivalent P basis, which means 
that the N rate additions were not uniform between the two amendments. CBP 
waste contains approximately 1.94% N (Chapter 2) on a dry matter basis, while fresh 
manure contains about 3.25% N on a dry matter basis. The ratio of N:P for the CBP 
waste addition is approximately 2.8:1, while fresh manure is approximately 5:1. 
Therefore, higher NO3- yield is expected from fresh manure.  
 
 
Figure 4-15. Nitrate content in the low STP soil amended with fresh manure as a 
function of rate and time. Columns with different lowercase letters represent 
significant differences between treatments at the same point in time. Uppercase 
letters represent the significance in time. Error bars represent standard deviation 
(n=2). 
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Figure 4-16. Nitrate content in the high STP Faywood soil amended with fresh 
manure as a function of rate and time. Columns with different lowercase letters 
represent statistical difference between treatments at the same point in time. 
Columns with different uppercase letters represent statistical significance of time. 
Error bars represent standard deviation (n=2.) 
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higher soil temperatures, which could be why the HSTP Faywood exhibited higher 
initial NO3-content than the LSTP Faywood soil, despite the soils having relatively 
uniform total N content.  
In both soils, NO3- increased throughout the entire incubation for both 
amendments and the control. There was little significant difference between any 
CBP waste rate and the control at the beginning of the incubation (Figs. 4-13 and 4-
14), which supports the lability explanation.  Although the HSTP Faywood had 
greater NO3- content for each respective treatment than the LSTP Faywood, the LSTP 
Faywood yielded a greater proportion of NO3- relative to the initial NO3- content, but 
not relative to the control NO3- content by the end of the incubation.  
Overall, the unamended control of the LSTP Faywood soil experienced a net NO3- 
increase of approximately 43 mg kg-1 NO3-N, while the HSTP Faywood control only 
increased by 18 mg kg-1 NO3-N. The final NO3-N content of each control differed by 
less than 10 mg kg-1 NO3-N. The two soils yielded similar N content by the end of the 
incubation because they had both reached their nitrification potential; the HSTP 
Faywood experienced this result faster as a result of higher initial soil temperatures 
at collection and a more favorable pH.  
Unlike the findings of Russelle et al. (2009), my study revealed that CBP waste 
provides agronomically significant levels of nitrogen nutrition to soils in the form of 
NO3-. But it is important to recognize that the rate of application of these 
amendments was based on the P content of the material. Therefore, although both 
amendments exhibited agronomically significant NO3- yields in both soil systems, the 
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application thereof must be recalibrated to the N content of the materials 
themselves.  
Although the plant available form of N of the CBP waste is NH4-N-dominant 
according to Chapter 2, I hypothesize that most of the NH4-N was nitrified in the soil 
system because the concentrations of NH4-N were essentially negligible relative to  
NO3-N measurements. The amount of NH4-N measured throughout the incubation 
was essentially negligible for both amendment treatments, which is to be expected 
because the soils were well aerated and any available NH4-N was most likely 
nitrified.  
The pH of both soils was slightly acidic, which means that little nitrogen would 
have been lost due to volatilization, even following the addition of organic waste 
amendments, which tend to possess a higher pH conducive to this process. The 
results also support net nitrification because the pH tended to decrease throughout 
the incubation.  
The NO3- yield of the fresh manure samples is supported by literature in that 
approximately 50 percent of the added N became available (Rasnake et al., 2000). 
This study suggests that CBP waste is also more labile than the results of Chapter 2 
suggest. These data suggest that closer to one quarter to one third of the N of CBP is 
mineralizable in the first year when applied to soil. Although this study was 
performed under ideal conditions, it does not preclude the relevance of its 
application to an agronomic setting. I recommend that managers and producers use 
CBP waste as a supplement to N nutrition as there only exist two studies, including 
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this one, that have examined the plant available N content of CBP waste amended 
soils. I also recommend that a more conservative estimate of plant availability 
should be used when applying CBP waste on an N basis, because the outcomes of 
this study are based on ideal laboratory conditions.  
 
Conclusion 
This study is unique in that it monitored STP throughout the incubation of a 
waste-amended soil sample at different time points, whereas STP is usually 
measured before amending soil and at a single instance following some period of 
incubation. Although the latter may act as a proxy for the equilibrium STP following 
addition, the former demonstrates that STP can vary throughout the incubation - or 
more realistically, the growing season.  
This study revealed possible regulatory implications as a result of the variable 
soil test P values obtained throughout the incubation. Such changes in STP can mean 
the difference in managing nutrients on an N versus a P basis depending on the 
duration following application of waste.  To better address risk of high STP on P 
availability following organic waste amendments, a series of extremely high STP 
value soils could be used to assess the P holding capacity of soils with organic 
wastes. These experiments could be performed in the same fashion as the aerobic 
mineralization and sorption isotherms and used to estimate the P holding capacity 
and level of P saturation of each soil type. Furthermore, a more sophisticated P 
fractionation scheme such as the Hedley Fractionation method (Hedley et al., 1982) 
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or the methods proposed by He and Honeycutt (2001) could be employed to better 
understand the actual chemical forms of P resulting from the addition of organic 
wastes. 
In terms of plant available P, fresh manure and CBP wastes behave similarly in 
different soil test P environments and within the same STP environment. Although 
the behavior of fresh manure and CBP waste is essentially the same, the two yield 
different amounts of available P; CBP waste is generally more plant available than 
fresh manure, when added on a uniform P basis. Although the study suggests that 
fresh manure and CBP behave similarly in terms of plant-available P, their effect on 
STP differs; CBP increases STP to a greater extent than fresh manure applied at the 
same P rate. Although each amendment increased STP regardless of native STP, 
there was no significant difference in the change in STP for high application rates in 
the HSTP Faywood soil. Therefore, application recommendations for high STP soils at 
high rates of application can be treated similarly if management decisions are based 
on STP.  
Application recommendations should be different for each of these inputs on 
low STP soils, where the differences in amendment type are more apparent. Due to 
the initial availability and subsequent mineralization of P - in some instances soon 
after application - I suggest that applications be made to best match plant needs.  
This study revealed that high CBP waste application rates may be able to provide 
adequate nutrition for pasture and row-crop settings. Because the CBP waste 
provides modest nitrogen fertility, it may also pose risk to fresh waters if not 
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managed properly. Simply put, with no active rhizosphere, the NO3- resulting from 
the application of CBP waste may leach into groundwater. I recommend using CBP 
waste in addition to other N fertilizer N sources rather than as the sole N source for 
crop nutrition. Because N mineralization and nitrification are gradual for CBP waste 
amended soil, land managers may be able to apply the CBP waste in the fall, as the N 
will most likely be conserved over a significant period.   Adding CBP waste on an N 
basis may lead to discrepancies in crop fertility due to the mineralization dynamics 
of the material and such additions can pose ecological risk to fresh waters due to the 
consequential over-application of P.  
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Chapter 5.  Summary and Overall Conclusions 
Compost bedded pack dairy barns exhibit variable nutrient availability by site 
and depth, which is consistent with the findings of other studies. In general, 
mineralizable N as NH4-N increases with depth and displays a positive relationship 
with temperature. Plant available N as NO3-N is only found in the surface layer and is 
essentially negligible. Plant available P varies with depth and by site in CBP barns, 
with higher concentrations of labile P in areas that compost less efficiently, such as 
high traffic areas that may be compacted. Higher concentrations of total and 
mineralizable P are found in optimal composting zones, which encourages mass loss, 
immobilization of P, and concentration of other nonvolatile nutrients. These results 
indicate that proper bed management can lead to optimal bed performance such 
that N may be better conserved, P can be immobilized and concentrated, and overall 
composting is enhanced.  
By taking samples from the surface layers of the bed, I conclude that particle size 
has little to no effect on in situ nutrient availability. Samples taken from well-
composting zones beneath the surface layers tended to exhibit more consistent 
particle size, which requires less management to ensure even distribution if surface 
applied. CBP waste material from all depths needs to be mixed thoroughly to better 
ensure more uniform spreading and, consequently, nutrient release.  
When surface applied evenly in the fall, particle size has little effect on nutrient 
release characteristics and decomposition. Therefore, if land managers are 
spreading material from the surface layers that may contain variable particle size, 
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nutrient release and decomposition should be consistent. While decomposition is 
slowed during winter months, some nutrients may still be released as a result of 
physical breakdown. In general, P may continue to mineralize and be made available 
to plants, while N is conserved. Any initial residual nitrate, although essentially 
negligible, is lost upon surface application following a precipitation event. This result 
shows that P runoff may pose ecological threat if applied on sensitive soils, but N 
leaching is less of a concern following the initial NO3-N loss, because N is slow to 
mineralize.  
The aerobic mineralization results indicate that incorporated CBP waste 
mineralizes slower than fresh manure in terms of N, but can still supply soils with 
agronomically relevant amounts of N. Although in situ plant available N content of 
CBP waste is dominated by ammoniacal N, when incorporated into soil, CBP waste 
supplies most of its plant available N as NO3-N.  
CBP waste, if applied on an N basis, may oversupply soils with P. CBP phosphorus 
is more available to plants than fresh dairy manure P added at the same rate 
because it can more easily stay in solution. CBP addition will most likely increase STP 
in all STP environments, but will cause variable STP measurement following 
application, which could have regulatory implications. In high STP environments, CBP 
waste and fresh manure behave similarly in terms of plant available P as 
orthophosphate and STP over time, although CBP waste tends to yield more plant 
available P.  Unless incorporated in concentrated bands, CBP waste phosphorus 
availability will decrease drastically due to adsorption and precipitation. I conclude 
    
93 
 
that CBP waste should be used as a supplemental form of plant nutrition because of 
its variable nutrient release characteristics with time and the risk of oversupplying 
soil with P if added on an N basis. 
Research needs to be performed to assess field scale behavior of CBP waste in 
cropping and pasture systems. In addition, a greater suite of soil types with varying 
STP values should be used to test the subsequent effects of CBP waste addition on 
STP and plant available P.  To better understand the mechanisms surrounding P 
dynamics of soil applied CBP waste, I suggest a more sophisticated sequential 
fractionation scheme as well as the use of nuclear magnetic resonance spectroscopy 
to better identify the unique chemical constituents of CBP P compounds, enabling 
applicators to more easily predict the fate of added P. 
  
    
94 
 
Appendix 
Table A-1. Orthophosphate content on a dry matter basis of CBP waste sampled in 
June 2013 as a function of drying method. 
Sample Drying Method 
Net Orthophosphate content 
(mg kg-1) 
Mean of Site 1 Air 2848 
Oven 2014 
Mean of Site 3 Air 2363 
Oven 1075 
Mean of Composite 
of first 20 cm 
Air 2394 
Oven 1770 
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